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Abstract In this paper, the bulk density, microstructure,
porosity and pore size distribution of the selected
aggregates, including hemp shiv, flax shiv, rape shiv and
wheat straw, are fully studied due to these properties are
highly related to their excellent characteristics and more or
less linked to the properties of the final product. The
scanning electron microscope results showed all the
selected aggregates have a highly porous and complex
hierarchical structure, whereas the arrangement of pores
and the thickness of cell wall are significantly different
among these aggregates. All the selected aggregates had a
low bulk density ranging from 30 to 130 kg∙m–3 and a high
porosity between 75.81% and 88.74%. The thermal
conductivity of the selected bio-aggregates ranged from
0.04 to 0.06 W∙m–1∙K–1. The thermal conductivity of the
selected aggregates was not only depending on the bulk
density of the sample but also depending on the raw
material. Hemp shiv, rape shiv and flax shiv were excellent
hygric regulators with moisture buffer value (MBV)
ranging from 2.07 to 2.36 g∙m–2∙%RH–1, whereas,
wheat straw had a lower MBV value ranging from 1.76
to 1.97 g∙m–2∙%RH–1. The results showed that particle
size does not affect the MBV value. The MBV value
increases linearly with bulk density.
Keywords bio-based aggregates, density, porosity, ther-
mal conductivity, hygric properties
1 Introduction
Recently, a new class of the low environmental influences
insulation materials ‘bio-based plant materials’ have drawn
significant attention in the field of insulation building
materials for fighting against global warming. The
advantages of bio-based plant materials include a renew-
able supply chain and significantly reduced carbon
footprint through the photosynthetic carbon stored within
plant-based materials. The bio-based insulation materials,
such as natural fibre batts, offer many benefits in
comparison with more established mineral and oil-based
alternatives, such as mineral wool and polyurethane rigid
form [1–5]. Another major advantage of bio-based
insulation materials is their ability to form a breathable
wall by readily absorbing and desorbing moisture in
response to changes in relative humidity and vapour
pressure gradients in the surrounding environment, acting
as a hygric buffer, reducing the energy requirements of air
conditioning and increasing the comfort of the occupants
in the building [6–14]. The most commonly available bio-
based insulation materials include wood fibre/wool,
cellulose, hemp fibre, flax fibre and sheep’s wool, et al.
Their properties have been fully studied by researchers and
industrial partners. However, the bio-based plant aggre-
gates (shiv) have not to be fully studied as building
insulation materials. Bio-based plant aggregates are very
porous with a low density and have similar hygrothermal
properties compared to the product of fibre. They have
huge potential to be used in mainstream building insulation
industrial. Collet et al. showed the hemp concretes are
excellent hygric regulators and the total porosity and
manufacturing method have a slight effect on the hygric
performance of hemp concrete [2]. Tran et al. reported the
hierarchical cell wall structure of bio-based plant aggre-
gates resulted in good air tightness and minimal thermal
bridging of the building [8]. Much of the existing
characterization data for natural bio-based aggregate
composites relates to their physical (bulk density and
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complex cell wall structure) and chemical properties (ratio
of cellulose, hemicellulose and lignin), pore structure,
porosity and pore connectivity [9–11]. Laborel-Préneron et
al. characterized the density, thermal conductivity and
sorption-desorption properties of barley straw, hemp shiv
and corn cob. They reported that the thermal conductivities
are 0.044, 0.051 and 0.096 W∙m–1∙K–1 respectively
for straw (density: 57 kg∙m–3), hemp shiv (density:
153 kg∙m–3) and corn cob (density: 497 kg∙m–3) [12].
However, a few studies have explored their scientific
characteristics from the benchmark point of bio-based raw
aggregates as building insulation materials due to no
standardized methods for characterizing such materials.
Lawrence et al. studied the cell wall structure, pore size
distribution and absolute density of hemp shiv using
different approaches [15]. Chundawat et al. investigated
the cell wall deconstruction during thermalchemical
pretreatment [16]. The characterization of the hygrother-
mal properties of bio-based plant aggregates is still at an
early stage.
In this study, the hygrothermal and moisture buffer value
of industrial bio-based plant aggregates including hemp
shiv (Grade 7, 8, 12 and 14), flax shiv (Grade 7, 8, 12 and
14), rape shiv (Grade 7, 12 and 14) and straw bale (Grade
7, 8, 12 and 14) were characterized to provide the basis for
creation of new products. The bulk density, porosity and
pore size distribution of these industrial bio-based plant
aggregates are analyzed using The International Union of
Laboratories and Experts in Construction Materials,
Systems and Structures (RILEM) recommendation meth-
ods and mercury intrusion porosimetry (MIP) method.
These data will provide the benchmark data and give a
guidance to develop the novel bio-based plant aggregates
insulation composites for use in the building insulation
industry.
2 Experimental
The industrial bio-based plant aggregates used in this study
was sourced and harvested in North West France. They
were produced by a mechanical de-fibring processing
removing the fibre, chopping, grading and de-dusting and
supplied by the CAVAC cooperative (France). The selected
bio-based plant aggregates were calibrated with different
sieving grids, including hemp shiv (Grade 7, 8, 12 and 14),
flax shiv (Grade 7, 8, 12 and 14), rape shiv (Grade 7, 8 and
14) and wheat straw (Grade 7, 8, 12 and 14).
2.1 Scanning electron microscopy
The microstructure of the bio-based plant aggregates was
characterized using scanning electron microscope (SEM,
JEOL SEM-6480LV, Tokyo, Japan). All images were taken
at an accelerating voltage of 10 kV. The sample surfaces
were coated with a thin layer of gold using an HHV500
sputter coater (Crawley, UK) to provide electrical
conductivity sending electrons to earth.
2.2 Bulk density, porosity and pore size distribution
The bulk density was measured at dry state and normal
state at (23 °C, 50% RH). The protocol was based on that
developed by the RILEM Technical Committee 236-BBM
[17]. The accuracy of the measurement was calculated
from the characteristics of the balance and from the
accuracy of the level, estimated about 0.5 mm. This
accuracy is better than 1%. For each material, the
measurement is repeated five times. The skeleton density
was measured with a manual pycnometer. The dry
aggregate is put into the pycnometer. It is then immersed
in toluene and regularly shaken until no bubbles can be
seen. The pycnometer is then totally filled with toluene.
Successive weightings of pycnometer, pycnometer with
dry aggregates, pycnometer with aggregates filled with
toluene and pycnometer filled with water leads to the mass
of aggregates and to their volume. The density of toluene is
also measured with pycnometer, filling it with toluene on
one hand and with water on the other hand. One
pycnometer is used for each material. The inter pore size
distribution (PSD) and inter particle porosity of bio-
aggregates were analysed using a MIP (PASCAL, Thermo
Scientific). The PSD was presented in the form of
cumulative pore volume and logarithmically differential
pore volume curves vs. pore radius. Full details of the
methods and measurement process used are as reported by
Jiang et al. [18].
2.3 Thermal conductivity and moisture buffer value
The thermal conductivity of bio-based plant aggregates
was measured using two different methods (CT meter-
SMEE, VOIRON and FOX600 meter, LaserComp, USA).
The measurement is performed on bulk aggregates, at
23 °C and dry state. The measurement of thermal
conductivity is repeated 5 times for each material. The
MBV quantifies the ability of materials to moderate the
variations of ambient relative humidity. The MBV of the
bio-based aggregates was measured based on the method
defined in the Nordtest protocol. This value related the
amount of moisture uptake (and release), per open surface
area, under daily cyclic variation of relative humidity
according to Eq. (1).
MBV ¼ Δm
AðRH  high –RH  lowÞ, (1)
where MBV is the moisture buffer value (kg∙m–2∙%RH–1),
Dm is the moisture uptake/release during the period (kg),
A is the open surface area (m2) and RH high/low are the
2 Front. Chem. Sci. Eng.
high/low relative humidity level (%). The samples are put
in containers of about 15 cm in diameter. The volume of
the samples is about 800–1000 cm3. The average hor-
izontal air velocity in the surroundings of the exchange
surface is 0.07 m∙s–1, which meets the requirements of the
Nordtest Project protocol.
3 Results and discussion
3.1 Microstructure of bio-based plant aggregates
The SEM microstructures of industrial bio-based plant
aggregates were shown in Fig. 1. The SEM images showed
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that all the samples have a porous microstructures.
However, the arrangement of pores and the thickness of
cell wall were significant different among these four
industrial bio-based plant aggregates. Figure 1(a) clearly
showed the three zones of pith, xylem layer and epidermis
from the interior to the exterior of the hemp stem. At higher
magnification, the radial arrangement of cells in the xylem
layer was visible. A closer view of the pith revealed the
foam-like closed cell structure with some voids at the
interfaces between cells. The average diameter of par-
enchyma cells were approximately 5–20 µm. The xylem
contained a range of cell diameters the larger cells being
termed vessels. The vessels exhibited little variation in size
and no clear pore arrangement, which is a diffuse-porous
distribution. The vessels were approximately 50 to 100 µm
in diameter and were surrounded by relatively thick fibre
cells. Thick-walled fibres were located between the vessels
with a diameter from 1 to 2 µm. Figure 1(b) showed a
typical microstructure of flax stem including lumen, xylem
layer and epidermis. The pore sizes of parenchyma cells
ranged from 5 to 80 µm in diameter. Most of them showed
a square or rectangular shape. The cells showed a little
variation in size and no clear pore arrangement. Thick-
walled fibres were located between the cells with a
diameter from 1 to 2 µm. Figure 1(c) showed the cross-
section of rape stem, which formed from a number of parts.
The rape stem had a very dense exterior structure with
variable thickness (between 50 and 100 µm) followed by a
very porous structure. The porous structure included
hexagonal vessels. The diameter of these parenchyma
varied from few micrometres to 30 micrometres. The
microstructure showed a random pore size distribution of
vascular bundle and an agglomerate of small cells on the
outer surface. Figure 1(d) showed a microstructure of
Fig. 1 SEM micrographs of (a) hemp shiv, (b) flax shiv, (c) rape shiv and (d) wheat straw at different Magnifications.
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wheat straw, which mainly consists of epidermis, vascular
bundle, parenchyma and lumen. A wheat straw stem
comprised internodes separated by nodes, which are hard
points at which the leaves are attached to the stem. The
internodes were formed as concentric rings leaving a void
or lumen in the centre. The external ring was a cellulose-
rich dense layer. Beneath the epidermis was a loose layer
containing parenchyma and vascular bundles. The cross
sections of straw showed that the wheat straw has a very
dense exterior structure with variable thickness (between
50 and 120 µm) followed by a very porous structure. The
porous structure included hexagonal vessels. Their num-
bers decreased as you approach the core of the straw stem.
The diameter of these parenchyma varied from few
micrometres to 30 micrometres. The microstructure
showed a random pore size distribution of vascular
bundles and an agglomerate of small cells on the outer
surface. All the differences from these cell wall micro-
structure of different species assumed to have an impact on
the hygrothermal performance of bio-based plant aggre-
gates.
3.2 Bulk density, porosity and pore size distribution
The bulk density and skeleton density of bio-based plant
aggregates were given in Table 1. The standard deviation
between the five measurements of bulk density was very
low for all agro-resources. Generally, the bulk density of
aggregate decreased when the size of aggregate increases.
For hemp shiv, the bulk density at dry state ranged from
88 to 104 kg∙m–3. Flax shiv showed slightly higher values
from 91 to 130 kg∙m–3. Rape shiv and wheat straw showed
lower values, from 73 to 88 kg∙m–3 and from 29 to
54 kg∙m–3, respectively. For all given agro-resources, the
skeleton density was similar for all sizes of shiv. The
skeleton densities of flax shiv and hemp shiv were close
(with average values of 1333, 1342 and 1352 kg∙m–3,
respectively). The skeleton densities of rape shiv
and wheat shiv were 5% to 10% higher (1411 and
1478 kg∙m–3).
The porosity of the bulk material, including inter-
particles and intra-particles porosity, is high. For all the
tested aggregates, it is higher than 90%: (i) about 92% to
94% for hemp shiv, flax shiv and rape shiv, (ii) up to 96%–
98% for wheat shiv as shown in Table 2. A slight increase
of porosity with aggregate size can be noticed, probably as
a result of larger voids being created between large
particles.
The total mercury intrusion volume, total porosity,
median pore radius and average pore radius of bio-based
plant aggregates were presented in Table 3. The result
showed that the rape shiv had the highest porosity at
(88.74  4.05)% and the wheat straw showed the second
highest porosity at (83.05  3.89)%. The porosities of
hemp shiv and flax shiv were (77.93  2.06)% and
(75.81  3.32)%, respectively. The properties of bio-
aggregates were not only affected by the total pore volume
and porosity, but also affected by the pore size distribution
and pore structure. Figure 2 displayed the relationship
between the pore diameter and the mercury intrusion
volume and the log differential mercury intrusion volume
as a function of the pore diameter and pore size distribution
curves of hemp shiv, rape shiv, flax shiv and wheat straw
determined by MIP. Because of technical restrictions, the
measurement of the large tracheids with 100 µm was
excluded. Those pores were on one hand important
openings for impregnation but on the other hand easily
accessible already without or with low applied pressures.
Table 1 Bulk density and skeletal density of bio-based plant aggregates at dry state
Name Grade
Bulk density/(kg∙m–3)
Skeleton density/(kg∙m–3)
Skeleton density/(kg∙m–3)
Av. O’ c. Var Av. O’ c. Var
Hemp shiv G7 104.01 1.44 1.38% 1401 1352 83 6.11%
G8 87.89 0.62 0.71 1399
G14 96.65 2.7 2.79% 1257
Flax shiv G7 111.28 3.49 3.14% 1367 1342 19 1.44%
G8 129.91 3.05 2.35% 1321
G12 93.69 1.48 1.58% 1344
G14 90.72 1.61 1.77% 1335
Rape shiv G7 88.06 1.05 1.19% 1430 1411 23 1.64%
G8 78.71 2.13 2.71% 1385
G14 73.2 0.93 1.28% 1418
Wheat straw G7 53.89 0.51 0.95% 1486 1478 52 3.53%
G8 49.7 2.35 4.73% 1408
G12 29.69 1.2 4.04% 1483
G14 31.2 1.18 3.79% 1534
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The differential PSD curves clearly showed that the
aggregates have similar PSDs with representative peaks
at pore radii around 0.02–100 µm. However, the
magnitude and shape of the peaks differed among different
shiv. The vast majority of the pores seen were in the range
of 0.1–10 µm. For hemp shiv and rape shiv, they have a
similar bi-modal peaks, however, the peak of rape shiv
showed a higher intensity compared to hemp shiv. This
indicated that the rape shiv has a higher pore volume than
hemp shiv, which has been confirmed by the result of
Table 3 Porosity characteristics of the aggregates as determined by MIP in the pressure range of 0.001–400 MPa
Name Total intrusion volume/(cm3∙g–1) Total pore area/(cm2∙g–1) Average pore radius/µm Median pore radius/µm Porosity/%
Hemp shiv 2.43  0.109 49.81  5.56 0.0975  0.0038 0.2617  0.053 77.93  2.06
Flax shiv 2.06  0.213 43.34  6.45 0.0952  0.0045 0.889  0.068 75.81  3.32
Rape shiv 4.65  0.312 32.7  6.23 0.284  0.059 0.911  0.102 88.74  4.05
Wheat straw 3.03  0.285 67.63  7.45 0.0895  0.0053 0.539  0.087 83.05  3.89
Fig. 2 Pore size distribution curves of hemp shiv, rape shiv, flax shiv and wheat straw determined by MIP.
Table 2 Open porosity of bio-based plant aggregates at dry state
Name Grade Open porosity/%
Porosity/%
Av. O’ c. Var
Hemp shiv G7 92.58 92.87 0.75 0.80%
G8 93.72
G14 92.31
Flax shiv G7 91.86 92.06 1.40 1.52%
G8 90.17
G12 93.03
G14 93.20
Rape shiv G7 93.84 94.33 0.50 0.53%
G8 94.32
G14 94.84
Wheat straw G7 96.37 97.20 0.90 0.93%
G8 96.47
G12 98
G14 97.97
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porosity. The porosity of rape is 88.7%, whereas the
porosity of hemp shiv is 77.93%. The results showed good
agreement with the results of SEM.
3.3 Thermal conductivities
Figure 3 showed the thermal conductivity of bio-based
plant aggregates at dry state using heat flow meter and CT
meter methods. The results measured by the FOX600 were
represented by the blue colour and the grey colour
represents the results of CT meter. Both methods showed
relatively similar thermal conductivity on all the bio-
aggregates. The thermal conductivity of bio-aggregates
ranged from 0.04 to 0.06 W∙m–1∙K–1. For all the shiv
samples, wheat straw G7 and G8 showed the lowest
thermal conductivity, which is around 0.04 W∙m–1∙K–1.
Rape shiv showed a slightly lower thermal conductivity
than the thermal conductivity of hemp and flax. There was
no significant difference in thermal conductivity of shiv
with different particle sizes, except wheat straw G12 and
G14. Wheat straw G12 and G14 showed a significantly
higher thermal conductivity at lower density due to the
additional impact of convection currents. It can be
concluded that the particle size has little effect on the
thermal conductivity of bio-aggregates.
Figure 4 summarized the thermal conductivity versus
bulk density at (23 °C, dry state) of all raw materials using
CT meter data. For each raw material, the coefficient of
variation was lower than 5% as well for bulk density as for
thermal conductivity. The thermal conductivity of aggre-
gates ranged from 0.045 to 0.058 W∙m–1∙K–1 for bulk
density ranging from 30 to 392 kg∙m–3. Generally, the
thermal conductivity increases linearly with bulk density.
For a given raw material, the discrepancy between thermal
conductivity of shiv obtained with several grid size is low
(coefficient of variation lower than 4% whatever the raw
material) even if the discrepancy between bulk density is
high (up to 30%). Thus, the thermal conductivity depended
on raw material too. Wheat straw showed the lowest
thermal conductivity, about 0.045 W∙m–1∙K–1. Rape shiv
showed slightly higher values than wheat shiv, about
0.05 W∙m–1∙K–1. Flax shiv and hemp shiv showed similar
values of thermal conductivity, about 0.54 W∙m–1∙K–1.
For the comparison of the insulating performance of the
conventional construction materials, the bio-aggregates
have a lower thermal conductivity than plaster
(0.57 W∙m–1∙K–1), lightweight aggregate concrete
(0.55 W∙m–1∙K–1) and even timer (0.13 W∙m–1∙K–1).
For the comparison of the insulating performance of the
conventional insulating materials, the bio-aggregates
have a similar thermal conductivity of foamed glass
(0.045–0.055 W∙m–1∙K–1) and a little higher thermal
conductivity than expanded and extruded polystyrene
foam (0.030–0.040 W∙m–1∙K–1) [19]. Considering the
environmental impact, the bio-aggregates are environ-
mental friendliness and can also be recycled.
3.4 Moisture buffer value
Figure 5 showed the moisture buffer value for each type of
bio-based plant aggregates and Fig. 6 showed a synthesis of
MBV versus bulk density. Hemp shiv, rape shiv and flax shiv
are excellent hygric regulators with MBV ranging from
2.07 to 2.36 g∙m–2∙%RH–1, whereas, wheat shiv was a lower
MBV value ranging from 1.76 to 1.97 g∙m–2∙%RH–1, which
is located in the region of good hygric regulator
(1<MBV< 2). The results showed that particle size does
not affect theMBV value. The MBV value increased linearly
Fig. 3 Thermal conductivity of bio-aggregates measured by FOX 600 and CT meter.
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Fig. 5 Moisture buffer value of bio-based plant aggregates.
Fig. 6 MBV of bio-based plant aggregates versus bulk density.
Fig. 4 Thermal conductivity versus bulk density at dry state using CT meter.
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with bulk density. The results showed that the bio-aggregates
have a higher MBV than the conventional materials such as
aggregate concrete (0.8 g∙m–2∙%RH–1) and Timber (1.2
g∙m–2∙%RH–1) [20]. Moisture affects significantly the
energy performance of air conditioning system. The bio-
aggregates showed an ability of absorbing and releasing
moisture to regulate the indoor relative humidity without
increasing the energy cost. As a result, we can conclude that
the bio-aggregates can be used as building materials to
regulate the indoor air humidity due to its excellent moisture
buffer value.
4 Conclusions
From this study, a greater understanding of the micro-
structure, porosity, pore size distribution, thermal and
hygric property of industrial bio-based plant aggregates
has been achieved. The thermal conductivity of the
selected bio-aggregates ranges from 0.04 to
0.06 W∙m–1∙K–1. The thermal conductivity of the selected
aggregates is not only depending on the bulk density of the
sample but also depending on the raw material. Hemp shiv,
rape shiv and flax shiv are excellent hygric regulators with
MBV ranging from 2.07 to 2.36 g∙m–2∙%RH–1, whereas,
wheat straw has a lower MBV value ranging from 1.76 to
1.97 g∙m–2∙%RH–1. The results show that particle size
does not affect the MBV value. The MBV value increases
linearly with bulk density. All these aggregates are light
with high porosity, which gives them high moisture buffer
value and low thermal conductivity. They are excellent
hygric regulators and can be used to produce thermal
insulating products.
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